A four-step reduced chemical-kinetic mechanism for syngas combustion is proposed for use under conditions of interest for gas-turbine operation. The mechanism builds upon our recently published three-step mechanism for H 2 -air combustion (Boivin et al., Proc. Comb. Inst. 33, 2010), which was cate that the reduced description can be applied with reasonable accuracy in numerical studies of gas-turbine syngas combustion.
Introduction
The development of IGCC technologies, involving gas-turbine combustion of the syngas derived by air or O 2 gasification of pulverized coal, has recently promoted interest in studies of CO/H 2 combustion. Several detailed mechanisms are now available for accurate description of the combustion process under conditions of practical interest [1, 2, 3] , although chemical-kinetic uncertainties still exist for low-temperature autoignition processes at elevated pressure [4] and also for laminar flame propagation at high-pressure fuel-rich conditions and in strongly preheated mixtures [5] . Because of the relatively large number of chemical species and elementary rates appearing in these de- Regardless of the coal type and gasification technology, the syngas mixture always contains significant amounts of CO and H 2 as the main reactive species along with diluents such as N 2 , CO 2 and H 2 O, while the hydrocarbon content, mainly CH 4 , is in general very limited, especially when O 2 -enriched gasification is employed. In deriving chemistry descriptions for syngas combustion, it therefore appears reasonable to focus on the chemistry of CO and H 2 , neglecting the contribution of the hydrocarbon chemistry to the overall combustion process. Since the H 2 /CO volume ratio in most syngas mixtures typically exceeds 0.25 and often takes on values that are of the order of 0.5 or above, it is found that the hydrogen chemistry plays a dominant role in syngas combustion. A result is that most syngas mixtures exhibit large burning rates and small autoignition times, comparable to those found in hydrogen combustion.
The reduced chemistry
The CO-H 2 submechanism of the so-called San Diego mechanism [2] Of the 21 steps in this mechanism that do not involve carbon atoms, a subset of twelve elementary steps, numbered 1-12 in Table 1 , with the subscript f and b employed to denote forward and backward reactions, recently has been found [6] to give sufficiently accurate predictions for laminar burning velocities and induction times of H 2 -air mixtures, as well as for structures and propagation velocities of detonations and strain-rate dependences of properties of H 2 -air nonpremixed flames. Although not all of these elementary steps are essential for gas-turbine combustion (e.g., 8b and 9b need to be retained only if high-temperature equilibrium is to be described accurately, as occurs in detonations), no significant simplification follows from discarding any one of the less important rates, so that the following development employs all twelve reactions, as they appear in the table, for describing H 2 oxidation in syngas combustion.
Starting with a mechanism comprising reactions 1-12 augmented with the three reactions for CO conversion to CO 2 and the six HCO reactions of the San Diego mechanism [2] , extensive computations of premixed flames and homogeneous ignition histories were performed to elucidate the minimum number of additional species and elementary steps needed to describe also the COoxidation chemistry of CO/H 2 mixtures containing H 2 in relative amounts typical of syngas, i.e., mole-fraction ratios 0.10 < ∼ X H 2 /(X CO +X H 2 ) < ∼ 0.60. It was found that adding only four elementary steps, numbered 13-16 in Table 1 , with only 13 and 15 being reversible, sufficed to provide reasonably accurate predictions of burning rates and induction times under conditions of interest for gas-turbine combustion. Along with reaction 13, which is known to be central to CO oxidation, the extended mechanism includes reactions 15 and 16f , because they are needed for describing stoichiometric and rich flames, with deletion of 15b leading in particular to large overpredictions of burning rates for rich mixtures. On the other hand, reaction 14f, unimportant for flame propagation, was found to be essential for describing autoignition for conditions near the second explosion limit, in agreement with previous studies [7] . For the conditions tested herein, all additional reactions of the San Diego mechanism [2] , including CO + O 2 ⇋ CO 2 + O as well as formyl reactions with O, OH, and O 2 , were found to have a negligible effect on the combustion process. The overall skeletal mechanism therefore consists of 16 reactions, 8 reversible, and 11 reactive species.
The reduction continues by introducing steady-state assumptions for intermediates, as is appropriate for O, OH and H 2 O 2 in hydrogen-air deflagrations [6] , as well as in CO/H 2 -air deflagrations, as indicated by our computations, with HCO also accurately obeying a steady state in the latter system.
With these approximations, the chemistry for CO/H 2 oxidation reduces to the four global steps
with rates given in terms of the different elementary reaction rates by the expressions
The temperature T and the concentrations C i of the seven species of the 
with
As discussed in [6] , the steady states for O and OH, which hold with reasonable accuracy in flames, fail however during autoignition events, thereby leading to significant underpredictions of induction times, with errors increasing for decreasing equivalence ratio. An appropriate correction to the branching rate, developed [6] from an analytical determination of the autoignition eigenvalue under lean conditions, is obtained by introducing, during the chain-branching period that leads to autoignition, modified rates
depends on the forward rates of the shuffle reactions 1-3 through
The modification must be switched off by setting Λ = 1 in places where the steady states for O and OH apply, which occur in general in hot regions with relatively high radical concentrations, where the HO 2 steady state also holds.
Therefore, one may link the need for the correction factor to the failure of the HO 2 steady state. To that end, in computations with the reduced chemistry, the rate of HO 2 productionĊ HO 2P = ω 4f + ω 6b and that of HO 2 consumptioṅ C HO 2C = ω 5f + ω 6f + ω 7f + 2ω 10f + ω 11f + ω 14f must be evaluated locally.
The steady state is regarded as a valid approximation wherever |Ċ HO 2P − C HO 2C |/Ċ HO 2P is smaller than a presumed small threshold value, below which Λ = 1, whereas for larger values (5) must be used, since autoignition may be occurring. The numerical results were checked to be independent of the threshold value selected, provided it is sufficiently small, with the switch-off criterion |Ċ HO 2P −Ċ HO 2C |/Ċ HO 2P < 0.05, employed in [6] , also being used below for computational purposes. Note that, since the first twelve steps of the skeletal mechanism in Table 1 are identical to those used in [6] , in the absence of CO the four-step mechanism described above naturally reduces to the three-step mechanism given in [6] for H 2 -air combustion.
Validation of the reduced mechanism
To test the degree of accuracy associated with the chemical simplifications, laminar flame velocities and induction times determined numerically with the reduced mechanism were compared with those obtained from both detailed-chemistry computations and computations with the skeletal mechanism of Table 1 . All computations were performed with the COSILAB code The dependence of the burning rate on the relative CO/H 2 content of the fuel mixture is shown in Fig. 3 at both atmospheric and elevated pressure and for conditions ranging from pure H 2 to pure CO and including preheated mixtures and fuel dilution with CO 2 . It can be seen that both the detailed and the skeletal mechanisms agree well with the experimental measurements for all of these conditions, whereas the reduced mechanism tends to overpredict burning rates. As in Fig. 1 , errors are seen to be typically smaller than 15 %, the only exception being fuel mixtures with very small H 2 content, for which the errors become larger, especially for atmospheric combustion.
Autoignition times, defined by a temperature-inflexion criterion for homogeneous adiabatic ignition computations in an isobaric reactor, are compared in Fig. 4 with results of recent shock-tube measurements [7] for CO/H 2 -air mixtures with φ = 0.5 and different CO/H 2 ratios representative of typical syngas mixtures. The conditions considered include near-atmospheric and elevated pressure, although no experimental measurements are available at high pressure for the two mixtures with larger H 2 /CO ratio. As can be seen, the agreement found between the computations and the experiments is reasonably good for conditions that place the system above, around or slightly below crossover, such that the resulting induction times are small.
For these lean mixtures, the previously discussed correction factor Λ in essential for achieving accurate results; without this branching-rate correction, the reduced chemistry would predict the induction time to be less than one third of that obtained with detailed chemistry. The reduced-chemistry predictions are in excellent agreement with detailed-chemistry predictions until temperatures decrease below about 900 K, where the need for further study of both computational and experimental results has been discussed widely in the literature [12, 13, 14] .
Concluding remarks
The mechanism presented here can be used over a wide range of combustion conditions that include, in particular, most of those of gas-turbine operation. Calculations have indicated that its use decreases computation times by a factor, exceeding two, that may be as large as five depending on the specific test case. In view of the previously identified discrepancies between predictions of current chemical-kinetic mechanisms and experimental measurements [4, 5] , further improvements of the reduced mechanism may stem from modifications in reaction rates of elementary steps, to be sought in future chemical-kinetic investigations, leading to better predictions of burning rates for strongly preheated mixtures as well as of induction times at temperatures below crossover. Further simplifications of the reduced description, arising for instance in connection with steady states of additional intermediaries, are worth pursuing in the future for application under more restrictive combustion conditions. For instance, a HO 2 steady state is accurate within the main reaction layer in deflagrations, thereby leading to a three-step mechanism, which would, however, not be very accurate for describing autoignition. An even simpler description for syngas flames arises for conditions such that the peak temperature lies close to the crossover value, as occurs in very lean (or very rich) mixtures or in highly diluted environments, for which a two-step mechanism can be envisioned to be sufficiently accurate, with both H and HO 2 maintaining steady state, as occurs in H 2 -air flames near the lean limit [15, 16] . The variation with equivalence ratio of the laminar flame velocity for a CO/H 2 -oxidizer mixture at initial temperature T u = 300 K and for four different pressures and two different CO/H 2 ratios as obtained from numerical integrations with detailed (solid curves), skeletal (dashed curves), and reduced (dot-dashed curves) chemistry descriptions and from laboratory measurements (triangles: [3] ; circles: [9] ; squares: [10] ); the oxidizer for p = 1 atm is air, while for p = (5, 10, 20) atm it is an oxygen-helium mixture with mole-fraction ratio X He /X O 2 = 7 [3] . 
Figure 2: The variation with equivalence ratio of the laminar flame velocity for a CO/H 2 /CO 2 -air mixture with X CO /X H 2 = 1 at p = 1 atm as obtained from numerical integrations with detailed (solid curves), skeletal (dashed curves), and reduced (dot-dashed curves) chemistry descriptions and from laboratory measurements (symbols: [5] ). The lower plot shows results for X CO 2 = 0 with three different values of T u while the upper plot shows results for T u = 300 K with X CO 2 = 0 and with X CO 2 = 0.2 in the fuel mixture. T u =600K, p=15atm, φ=0.6.
T u =600K, p=15atm, φ=0.75, 40%CO 2 p=1 atm, φ=1.
p=15 atm, φ=0.8 Figure 3 : The variation of the laminar flame velocity with the fuel composition for a CO/H 2 /CO 2 -oxidizer mixture as obtained from numerical integrations with detailed (solid curves), skeletal (dashed curves), and reduced (dot-dashed curves) chemistry descriptions and from laboratory measurements (circles: [9] ; triangles: [10] ; squares: [11] ). The oxidizer is air for p = 1 atm and a helium-oxygen mixture with mole-fraction ratio X He /X O 2 = 9 for p = 15 atm. Fuel dilution with CO 2 is considered in the bottom plot; all other cases correspond to undiluted CO/H 2 fuel mixtures. The variation with initial temperature of the induction time for a CO/H 2 -air mixture with φ = 0.5 as obtained from numerical integrations with detailed (solid curves), skeletal (dashed curves), and reduced (dotdashed curves) chemistry descriptions and from laboratory measurements (symbols: [7] ).
